. ‘\\, 2
\d

N4 -‘
3 N
n R .
i ,‘ ‘
) S
. \ l

| Airmed Services Technical Tformatio geney |

Reproduced by

DOCUMENT SERVICE CENTER
(KNOTT BUILDING, DAYTON, 2, 0HID

This document is tha property of the United States Government. It is furnished for the du-
- Tation of the contract and shall be returned when no longer required, or upon recall by ASTIA
167 the- following addwu- Armed Services Techaical Information Agency,
Documont Buvieu,‘ ontor, ‘Knott Blﬂding, Dayton 3, Ohio.

l
) }]

c‘/

Mo NO’I‘ICE WBEN covmmmm' OR OTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA ,
5y | ARE USED FOR ANY PURPOSE OTHER THAN IN CONNECTION WITH A DEFINITELY | ‘u;n ;
4 | GOVERNMENT PROCUREMENT OPERATION, THE U. 8. GOVERNMENT THEREBY WURVCNS |
& | NO RESPONSIBILITY, NOR ANY OBLIGATION WHATSOEVER; AND THE FACT THAT m |
' | GOVERNMENT MAY HAVE FORMULATED, FURNISEED, OR IN ANY WAY SUPPLIED THE - " 8
. | SAID DRAWINGS, SPECIFICATIONS, OR OTHER DATA IS NOT TO BE REGARDED BY ..
|: IMPLICATION OR OTHERWISE AS IN ANY MANNER LICENSING THE HOLDER OR ANY OTHER
| PERSON OR CORPORAT!N, OR CONVEYING ANY RIGHTS OR PERMISSION TO MANUFACTURE, :
L USE OR SELL m PATE mm mvEN'rlou THAT MAY IN ANY WAY BE RELATED THERETO.




'%DC TECHNICAL REPORT 55-103
W =
LA
oo

ot 7 awx
p : RS

{-DESIGN PROPERTIES OF HIGH-STRENGTH STEELS IN THE
““ PRESENCE OF STRES3-CONCENTRATIONS

Effects of a Number of Variables on the Mechanical Properties of
Aircraft High-Strength Steels

G. SACHS
B. B. MUVDI
E. P. KLIER

SYRACUSE UNIVERSITY

JANUARY 1956

WRIGHT AIR DEVELOPMENT CENTER




- PAGES
ARE
MISSING
IN
ORIGINAL

DOCUMENT



RS

i oy 5

Tk

b NI A i

R

Taar at e

PRRSMARLLS S s

e

e e e s . oAb} s T s e e st e -

WADC TECHNICAL REPORT 55-103

DESIGN PROPERTIES OF HIGH-STRENGTH STEELS IN THE
PRESENCE OF STRESS-CONCENTRATIONS
Effects of a Number+ of Variables on th.o.M‘cchani‘eal‘Propoﬂbs. of
Aircraft High-Strength Steels

G. SACHS
B. B. MUVDI
E. P. KLIER

SYRACUSE UNIVERSITY

JANUARY 1956

MATERIALS LABORATORY
CONTRACT No. AF 33(616)-2362
PROJECT No. 7360

WRIGHT AIR DEVELOPMENT CENTER
AIR RESEARCH AND DEVELOPMENT COMMAND
UNITED STATES AIR FORCE
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

Carpenter Litho & Prtg. Co., Springfield, O,
500 - April 1956

R

S T Attt | s N ot

S TRy 4
by




e

RIS

FOREWQORD

This report was prepared by Syracuse Univeraity under USAF
Contract No. AF 33(616)-2362. The contract was initiated under Project
No. T360, "Materials Analysis and Evaluation Techniques”, Task No. 73605
"Deaign and Evaluation Data for Structural Metals" formerly RDO No. 61l
13 "Design and Evaluation Data for Structural Metals", and was adminis-
tered under the direction of the Materials Laboratory, Directorate of

* Research, Wright Air Development Center, with Mr. A. W. Brisbane as pro-

Ject engineer. This work was performed in the period between March
1954 and June 1955.
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G This report presents a large amount of test data on a number of
low-alioy steels, heat treated to strength values between 210, 90 and :
290,000 psi. The steels investigated were four heats of 4340 and one .
. heat of each of the following: V-Mod. 4330, 98B4O, Hy-Tuf, Super Hy-Tuf,
Buper ™-2 and Inco. Furthermore, the results of tests previously per-
formed on an additional heat of 4340 (small dia. bar) are included for
’ purposes of comparison and completeness. The teste performed were the
following: a) Tengion, which yielded information concerning the ten-
sile and yield stremgths as well as the ductility (reduction of area
and elongation) of the steels studied. b) Notch-Temsion, from which
the notch strength, notch-sirength ratio and information on the notch i
sensitivity of the steels were obtained. c¢) Impact, which permitted
evaluation of impact characteristics of the steels at varicus test tem- : -
peratures, as well as some information regarding the transition from
impact-ductile to impact-brittle behavior. d) Fatigue and Notch~
Fatigue, from which the endurance limit and the fatigue strength at
various mmbers of cycles were obtained for both mmooth and notched
specimens. €) BStress-Rupture; which permitted investigating the be-
havior of high-strength steels under sustained load conditions.

NCENRINE JUEISE

Ean

In addition, hardness measurements as well as metallographic
ktudies were performed on all steels.

S R S

This report comprises first an extensive discussion of the effects
- of all fundamental factors investigated heré. These factors are: (a) ,
specimen pos’tion, (b) various heats of 4340 steel, (c) as-processed i
section size; (d) as-tested mection size, {e) tempering temperature, i
(£) 500°F temper brittleness, (g) stress concentration, (h) direction- :
ality, (1) eccemtricity; (J) lowding time and (k) test temperature.
This is followed by a comparison of the properties of the various steels,
those of 4340 steel being used as basis. -

‘  The appendices (Bupplement 1 and 2) assembles the individual data i
in graphical and tabular form. Various parametric representations are
used to facilitate their utilization.

PUBLICATIOR REVIEW

This report hap been reviewed and is approved.
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SYMBOLS USED
{
SYMBOL i
K: Theoretical stress-concentration factor as derived by Neuber's /
Theory.
. ‘,'g
L: Iongitudinal specimens, l.ex. specimens taken along the direc~ i

tion of rolling.

|
}
Tr: Transverse gpecimens, i.e. specimens taken perpendicuvlar to the I

direction of rolling. i

R.L: lLongitudinal specimens taken from the rim of the V-Mod. 4330 bar.

C.lL: longitudinal specimens taken from the core of the V-Mod 4330 bar.
Rifi's* Transverse specimens taken from the rim of the V-Mod. 4330 bar.

C.Ti Transverse specimens tsken from the core of the V-Mod. ‘1&330 bar.,

er Eccentricity, i.e. the distance from the center of the specimen
to the line of load application.
D: Shank diameter of notch-tension or notch-fatigue specimens. _ i
‘ ds | Notch dismeter of notch-tension or notch-fatigue specimens. ;
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INTRODUCTION

The increasing needs of the aircraft industry for high-strength
materials have recently led to the use of low-alloy steels, heat treated
to 230,000 to 270,000 psi. However, steels at strength levels sbove
200,000 psi are subject to design restrictions, which are of little sig-
nificance at lower levels, such restrictions are now recognized to be
characteristic for these super-high-strength steels. The objective of
the present reséarch program is to supply the designer of aircraft with

- basic information for a variety of test conditions, upon which design

for these slecls can be based.

The tests used have been melected to allow coverage of the vari-
ous areas of potential aircraft failuires and they include: a) tension,
b) notch-bar tension tests {concentric and eccemtric), c) impact tests,
) fatigue and notch-fatigue tests, and e) stress-rupture tests.

The steels investigated were 4340 (four heats of this steel were
studied), vanadfum-modified 4330, 98BL0, and the proprietary steels -
Hy-Tuf';* Super Hy~Tuf,* Super TM-2,** and Inco Ultra High-Strength Steel.¥¥**

The large volume cof test dats obtained in the present work leads
to considerable problems in the presentation. This results from the fact
that mmerous variables have been considered and -exsmination of esch of
these variasbles requires the comparison of data for up to ten steels.
Since consideration of the specific data for each steel would be need-
lessly tedious, the discussion is concentrated on characteristic data
and their trends. The specific data needed for the davelopment. of the
basic p-inciples, are presented in both, graphical and tabular form in
supplements 1 and 2.

Most of the previous evidence has been discussed in a literature
survey (1 to 5)#t#% which preceded the present experimental investiga-
tion. Therefore, the general subject of ultra-high strength steels will
not be considered in this report. Only that literature will be discussed,
vwhich has a direct bearing on and which is needed for a full evaluation
of the test data obtained in the present work. '

*Supplied by Crucible Steel Company of Americs
*Zupplied by Timken Roller Bearing Company

*H%Supplied by the International Nickel Company, Inc.
e fumbers in parenthesis pertain to the bibliography
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I. EXPERIMERTAI, PROCEDURE

1. Materials

Pertinent information about the steels studied is presented in
Table I, The materials were selected as being the most promising of
the d:ep hardening, low-alloy, comstructional steels for use in the
ultra high-strength range. Developmental steels for this spplication
are humerous; but the steels selected are the only ones which could be -
commercially obtained at the present time.

2{, Tegt Specim'sns‘

(a) Specimen Preparation: The tensile, notch-tensile, fatigue,
notch-f‘atigue and stress-rupture specimens uged in this investigation
“are presented in Figure 1. Specimene were rough machined and left
approximately 0.015 inch oversize on each surface and were f£inished to
proper dimensions after heat treatment. Smooth specimens ard speci-
mens with mild notches (K = 3) were finish ground, while gharp notches
(K » 5, 8 and 10) were machined by means of a properly ground high-
speed. steel tool.

(t) Bpecimen Heat Treatment: Heat treatment wms performed
according to the SAR - Aeronautical Ma..rial Specifications (AME)
pertinent for the specific steels. The ppecimens were austenitized in
graphite blocks and in controlled a.tmsphere. They were then ofl
quenched and tempered at from 250° to 800°F (4 10°F), for ome hour. »
Tempering was Tollowedby air cooling.

{¢) Specimen Orientation: The properties of all the steels ’
were determined for the longitudinal direction. Transverse properties
have also been determined in a number of inntances, as they are becom-
ing increasingly important for the following reasons:

(1) Forgirgsmay be used under conditions where loads are
applied in several directions shmltaneously. Under
these conditions, high stresses may occur perpendic~
ular to the fiber direction of the forgings.

(11) The frequency of transverse failures appears to in-
crease as the strength of the steel increases. Con~
sequently directionality assumes greater importance at
high strength levels.

(111) It is often desired to use rolled stock and rough ‘
shapes hand-forged from these, for prototypes, which
renders the utilization of transverse properties
essential.

WADC TR 55-103 2
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(d) Specimen Size: The 0.3-inch-dismeter specimen has heen
the type most commonly employed in notch-tensile investigations. How-
ever, 1t is to be expected that increusing the specimen size will ad-
versely modify the netch properties. For the above reason 0.5~inch-
diameter, as well as 0.3-Inch~diemeter gpecimens, weré tested to evalu-
ate the effect of size on the notch-strength characteristics of the
steels. In these tests the specimen dimensions have béen appropriately
scaled to yleld comparsble theoretical stress-concentration factors.

(e) Specimen location: The ecunomic uxilization of the steel
required cutting the section into swall) blenks. The distribution of
the specimens over the cross section of the bar introduced the prob~
lem of the effectis of specimen position. The large volume of tests
permitted anslyzing this effect and determining its magnitude, (see
Section I1). Because of the indicated small magnitude of the effect
no further attention was peid to the positioning of each specimen.

3. ngdenability'mestSt

Hardenability tests were performed in accordance with the ABTM
gpecifications for each of the steels investigated. A specimen was
taken from the billet at random for all rteels, except in the cage of
the V-Mod. 4330 steel, in which the specimen was located longitudinally
in such & way that its center was 1-1/8 inch from the center of the
billet, i.e. the iocation of the specimen was such that one half of it
was 1n the rim section, while the other half was in the core section of
the billet. This placement permitted the evaluation of the hardenabil-
ities of the rim and the core of the steel in on® specimen. The results
indicated a slightly higher harderability for the rim stock. As the
difference was very small, the results of the two locations were aver-
aged.

., Chemical Analyses:

Chemical analyses; of the steels investigated, were conducted by
Kimman and Wheerler of Syracuse, New York and the results are presented
in Table II.

5. Metallographic Studies:

Macro-studies were made on a section, as received, (1/2 inch to
1 inch thick), cut from each steel bar investigated, to determine char~
acteristic structures and forging histories of the steels. The sgec-
tions were ground and etched with 25 percent solution of nitric acid.
Photographs were taken. In addition micro-studies were made on all
steels (tempered at 500°F and etched with 4 percent Nital solution)
along and perpendicular to the direction of rolling, to determine fiber
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development, impurities amd inclusions. The results of these tests are
pregented in Supplement; 1.

6. Hardness Tgstaz

The main tests were preceded by preliminary hardness investiga-
tione, performed on 3/h in. ¥ 3/ 4n. x 1 in. specimens, which were oil
quenched and tempered at from 250° to 800°F. Thirty-six hardness read- .
ings were taken at the center of each specimen, and the résults were
used as guides inm arriving at the required strength levels. Further~
more; hardness tests were performed on the notch-tensile spécimens after g
fracture. The spscimens were cut to obtain a cross<section 1/ in. from
the fracture. The resulting secticn was polished and four hardness reéead-
ings were taken. A total of 12 specimens were tested for each steel,
thus yielding a total nwmber of 48 hardness readings.

The results indiceted a maximim s‘cattef of -_t 1-1/2 Re unit> from
the average. Conséquently only the average of these readings are shown

T Tgn_sion "Tegt‘sz‘

The speé¢imens for unsotched or "smcoth™ tension tests shown in
Figure 1(a), were used for V-Mod. 4330. However, some difficulties were
encounitered with transverse specimens of Super Hy-Tuf and 98BLO, aB
many specimens broke under the head. Therefore, the stepped epecimen
shown in Figure 1{b) was empioyed with all steels, other than V-Mod. 4330.

A1l tenﬁil‘e tests vere performed at room temperature on a 60,000
pound hydraviic testing machine. To insure concentricity of loading, the
concentric fixture shown in Figure 2 was used. .

The tensile ptrength, elongation, snd reduction of mrea were ob-
taimed in the conventionkl manner.

The O.2-percent-yield strength was obtained with only a limited
degree of accuracy by adapting a 2-inch extensometer to the l-inch gage
specimens in the manner stnwn'in‘ Figure 3.

8. Concentric Notch Tension Tests:

Two different specimen diameters, namely 0.3 in., Figure 1l(c),
and 0.5 in., Figure 1(d), were used in the notch-tension test. The
rotch on these specimens was of the 60-degree, 50-percent type, in
vhich case the 50 percent refers to the ratio of the area of the notch-
ed section to that of tlie cylindrical part. Three different stress-
concantration faclors were employed, namely K = 3, 5 and 10. The radii
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at the noteh bottom, corresponding to these stress-concentration factors,
were calculated by Neuber's theory and are presented in Table IIX,

An optical comparator with 62.5 diameter magnification was used to
measure the notch radii and the notch diameters, before and after the test.

The concentric fixture shown in Figure 2 wapg used for the 0.3 inch
diameter specimens, and that ghown in Figure 4 was used for the 0.5 inch
diameter specimens. The notch strength was obtained by dividing the max-
irmum load by the original area of the notched section. The notch ductil-
itity (reduction of ares at the notched s=ction) vas obtained in the con-

‘ ventional MANNer .

9s  Eccentric Notch.-;-”'l"ensio‘nﬁ Tests:

‘ The specimen shape used for the Eccentric Notch-Tension Test is
shown in Figure 1{c). Only 0.3 inch dismeter longitudinal specimens were
tegte;_l Three stress-concentra.tions were again used, namely K = 3, 5,
and 10. '

The eccentric notch test was perfcomed by offsetting the line of
load application from the specimen center to the root of the notch, a dis-

tance equal to 0.106 inches. This was achieved by using the adapter shown

in Figure 5, in conjunction with the concentric fixture of Figure 2.

‘ The eccentric notch strength and notch ductility were obtained as
described for the concentric notch-tension tests.

0. Impact Tests:

Impact tests were performed on standard V-notch Charpy specimens

. at four temperatures; 2120F (boiling water), room temperature, -Ti°F (by

immersion in a solution of chloroform, dry ice and carbon tetrachloride)

end ~150 to -166°F (in Freon No. 12 contained in a beaker immersed in
1iquid nitrogen). In the first and last two cases the gpecimens were
kept in the solutions for a period of approximately 10 minutes. Care was
taken to insure minimum temperature change by placing the specimen in the
impact machine as quickly as possible.

11. Fatigue and Notch-Fatigue Tests:

A1l fatigue tests were of a rotating-beam type and were performed
at room temperature.

The specimens used are shown in Figures l(e) and 1(f). In all
cases, except for 4340 steel, only lorgitudinal specimens were tested.
In addition to smooth specimens, K = 1, one stress concentration was em-
ployed, namely X = 8.

WADC TR 55-103 5
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The specimens were distributed over the cross-section according
to Figure 6(a) and 6(b). They fall into a number of distimetly differ-
ent groups regarding their position, as shown in Table IV. Two to four
specimens were available for each strength level and for each of the
i different distances from the center.

e UG

! Botk individual test values and their averages are plotted in
- Figure T(a) as a function of distance from “he center of the bar. The .
resuits in Figure 7(a) indicate that the longitudinal notch strength
was independent of specimen location. Even for the transverse notch~ .
strength represented in Figure T(b), the difference between the values -
_ for extreme positions was less than 10 percent.

A pimilar enalysis for other mlloys indicates even smalleér ef-
fects of positioning according to Figures 8, 9, 10, and 11. Consideéring Y
the rather large variations of trensverse data it was lecided, therefore,
to abandon any distinction between variously-positioned specimens. Other-
wise; another variable would have been added, which would have material- : *
ly increased the volume of testing.

3. Variations in Tension Properties of Different 4340 Heats:

It is & well known fact that the properties of various heats of
the same nominal composition differ considerably. Many fsctors con-
tribute to these variations, but the magnitude of the effects and their
true source are rot yet known. Apparently no systematic study of these ‘ A
variations has been previously performed.

e aanie

Considerable effect in this respect is generally ascribed to the
variations in chemistry and hardensbiiity. These properties are sssem-
bled for the 4340 steels in Figure 12, together with such data for an ' o
additional steel (Heat 5) which was previously studied at Syracuse Univer=-
sity (8). In addftion, Figure 12 includes the latest (Feb. 1954) stand-
ard AISI-hardenability limits. 'The steels differed markedly in hardena-
bility, within the AISI scatter band, with no apparent relation to chem-
istry. .

————

Conventional mechanical properties, tensile strength, yield
strength, elongation and reduction of area of gpecimens taken from large
sections (3-1/4 to 4-1/4 in.round) were available for four of these steels,
and determined from longitudinal, subsize (0.28 in.dia.) specimens. These
properties were found to be practically identical, according to Figure 13.
The variations in carbon content and major alloying elements are sappar-
ently too small to be significant and the different hardenabilities also
appear t¢ produce no effect.

TR TR e S et | o w0
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The same applies to the tensile and yleld strengbths in the trans-
verse direction, which were about the ssme as those in the longitudinal
direction, Figure 14. Regarding transverse elongation and reduction of
area, heat LI appears 1o be slightly superior to the other heatp, and
this 1s confirmed by the results of the notch-tensile tests discumsed
further below. ‘

Two smaller sections investigated (hests 1 and 5) differed
slightly regarding their (longitudinal) temsion properties, as was to be
expected from their scmewhat different carbon contents.’

k. Varidtions in Notch-Strength Properties of Different 434D Heats:

N The values of concentric notch strength of the different heats of
4340 are presented in Figure 15 as a function of the tempering tempera-
ture and in Figure 16 as a function of strenmgth level.

‘ However, the results of the notch-tensile tests on different
heats can be best evaluated from the values of the notch-strength ratio,
plotted vs. stress concentration and given in Figure 17 for a strength
level of 230,000 psi ard in Figure 18 for 270,000 psi. '

Longitudinal specimens, taken from either large or small sections,
yielded notch-strength ratios agreeing within rather close limits. In
general, however, the values for the amall sections were found to be near
the upper limit of the scattering range, and, In the larger sections,
heat L also appeared very slightly superior to the other heats.

Regarding the notch-strength raiio of transverse specimens, all
large sections yielded considerably higher values than the one small
section investigated. Heat 4 asgain exhibited the highest values.

The trend curves shown in Figures 17 and 18, have been establigh-
ed on the basis of all evidence procured in this study and, therefore,
appear at times to be not entirely in agreement with the experimental
data shown in these graphs. However, the effeets of other variables to
be: discussed below indicate that some of these test results must be
located on the fringe of the scattering range and, therefore, be given
only little weight. This applies particularly to the transverse values.
Attention may also be called to the fact that the transverse curves ere
not as accurately establiished as the longitudinal curves, but that the
general trend of the curves for the two types of specimens (longitudinal
and transverse) has been found to be rather different, at least for the
heavy sections.

WADC ‘TR 55-103 9

e e e e e e e et e




Tests on larger notched 4340 specimens, having a 1.1 and 1.5 inch
diameter, have recently been performed at Syracuse University (11). 'The
results further illustrate the pronounced reduction in the notch strength
introduced by an increase in the as-tested section size., It is clear from
the results of this study that notch-tensile tests on 0.3 inch dismeter
test bars are less sensitive in disclosing differences in the properties
of variocus sircraft steels than tests on somewhat larger test sections.
Small specimens, therefore, appear of little usefulness for a comparison

and evaluation of these steels

T. General Effects of Tempering Temperature on Tensile Strength and
Notch Strength '

The tensile strength of heat-treated steels containing 0.25 to ‘
045 percent carbon, such as the investigated aircraft steels, generally
decreases gradually with increasing tempering temperatures. The highest
strength values considéred to be of practical significance, between
250,000 and. 300,000 psi, can be obtained by tempering at 4OOCOF or slightly
higher, depending upon the alloy. A tensile strength of about 200,000
psi is usually obtained at 800°F or slightly higher.

The=hbtch strength usuelly first increases on tempering the as-
quenched steel. It then passes through a maximum (or‘sometimes through
two maxima) and finally decresses. In all instances previously studied,
the notch strength of specimens, such ae used here, was found to be
about % % timeg the tencsile strength if the strength was 180,000 psi or
lover 5.

The actual values of notch gtrength and notch-strength ratio in
the high-strength range vary greatly, dépending upon numerous factors.
The effects of some of these factors were already discussed in preceding
sections.

In regard to the effect ¢f tempering temperature, or strength
level, test data obtained in this ctudy agreed with previous evidence in
that the strength of sharply-notched bars revealed a pronounced increase
in notch-stréngth ratio as the tensile strength changes from 230,000 psi
to 210,000 psi. In all instances, extrapolation indicates that the -
notch-strength ratio of 1.5, or insensitivity to notching, would be
reached at a strength of about 180,000 psi, even under the most severe
testing condition (large transverse specimens), see Section V.

Therefore, steels heat-treated to a strength between 230,000 psi
and 270,000 psi represent a different class of materials, as compared with
those heat-treated to a strength of 180,000 psi or less, characterized by
a rather different response to stress concentrations on static loading.
The dividing line passes near a strength of 200,000 psi and according to
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previous evidence (5), may be either greater or lees, depending upon the
severity of loading (section size, fiber, temperature etec.).

8. ‘SOOOF Temper Brittleness and Notch Strength:

One of the objectives of this investigation was to determine
vhether the "500°F-Temper Brittleness" apparent in the impact strength.
of many heat-treated steels was also reflected in other properties.
Actually, the tempering-temperature range of minimum impact strength is
usually found to be between 600° and 700°F, and it is practically ab-
sent in steels with increased silicon contents such as Hy-Tuf and Super
Hy-Tuf (5), (12).

The impact tests performed in this program ylelded results in
conformance with these previocusly established facts, as the alloys in-
vestigated had low silicon contents and possessed higher impact values
after tempering at 400%and S00CF than at 600° and 700° F, see Section III.

The notch strength of these alloys, when plotted vs. the temper-
ing tempersture, was generally found to vary only within comparatively
narrow limits in the range of tempéring temperatures between 400° and
700°F The values of the 0.3 inch diameter longitudinal specinmens were
usually slightly higher for the 400° and 500°F tempers than for the 600°
and 700°F (and 800°F) tempers. In some instances, this difference was
maintained in the notch strength of the larger and of the transverse
specimens, while in others such values appeared to become lower as the
tempering temperature decreased. The notch-strength ratic also did not
indicate the existence of 500°F temper brittleness.

Previous tests on 4340 steel, on the other hand, revealed a
rather pronounced minimum in notch strength under a variety of more
severe testing conditions than employed here; namely the following:
(a) on testing specimens machined from very heavy sections (5), {b) on
testing et very low temperatures (8), (c) on testing specimens taken
across the flash line of forgings (13) and (d) on testing hydrogen-
embrittled steel (6,7). It appears, therefore, that the 500°F temper
brittleness of many heat-treated steels may be insignificant under ideal
testing and service conditions but that it may become rather pronounced
under increasingly severe load conditions.

9. Effects of Stress Concentration on Notch‘Strength:

Figure 24 presents a diagrammatic summary of the effects of stress
concentration on notch strength. The curves shown in this graph are
rather well supported by experimental evidence, see Section V. This
applies particularly to the longitudinal values, while the larger scat-
tering of transverse values renders their trend curves slightly less

WADC TR 55-103 13
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11l. Strength of Smooth gnd Notched Bpecimens Under Sustained lLoads:

The occurrence of service failures in high-strength steels under
service conditions vhere a load was applied for a long time raises the
question whether such "sustained-load failures" can occur in any highly-
Btressed, bhigh-strength-steel part or whether they are limited to steels
‘eontaining (a considerable amount of) hydrogen. The tendency to sustain-
ed-load failures is well established, and in fact the most significant
feature of hydrogen embrittlement (6). Considering that in all probabil-
ity steels always contain a small amount of hydrogen, it was considered
desirable to establish whether loads close to but distinctly lower than
the ultimate, would, or would not lead to failure after extended periods

of time.

A number of stress-rupture tests were performed on smooth and
notched (K # 5) 434ho-steel specimens (heat 1) at room temperature. The
results of these tests, assembled in Figures 27 and 28 clearly reveal
that properly-processed and properly-heat-treated steel retains its Tegu-
lar strength for loading times up to at least 500 hours. In the present
tests the specimens either broke immediately on application of a load
that was within the ecattering range of its ultimmte (temsile or notch)
strength, or they carried such loads or slightly lower for 500 hours or
more without fracturing. Conaequenxly, hydrogen contents considersbly
higher than thope normally present in these steels, before pickling and
plating, are necessary for developing a tendency to sustained-load fail-
ures. ‘

These test results are in disagreement with those of Rinebolt (16)
who repeatedly observed fallures at loads consideradbly below the ultimste,
within less than 200 hours. This behavicr is probably due to a certain

hydrogen content in such materials. These extremely complex phenomena
were studied more extensively with 4340 steels in Phase 2 of this pro-

Ject (6), (7).
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III. DEPENDENCE OF IMPACT STRENGTH OF HIGH-STRENGTH
STEELS ON VARIOUS FACTORS

1. Intrqduction:

In Section III of this report a few fundamental phenomens, derived
from impact tests, are discussed. V-notch Charpy tests were performed on
specimens machined from hot-rolled 3 to 4-1/2 inch round or square sec-
tions of all steels available for this investigation at the following
test temperatures: 2129F, room temperature (75°F approx.), -71°F and
-150° to -160°F. -

The entire range of strength levels was subjected to impact tests
for one heat (No. 1) of 4340, 98B4O and V-Mod. 4330. Two strength levels,
230,000 psi and 270,000 psi, of the other 43L0 heats (Nos. 2 to k), and
one strength level 6f the four remaining steels were tested.

2. Effect of Positioning of Specimens:

The reported impact-strength is usually an average of two test
values. In the case of V-<Mod 4330 steel, hovever, four specimens were
tested for each condition and at each temperature. Two of these were
taken from the rim of the 4 inch square section, 2 i:O.h inch away from
the center, and the other two from the core, zero to one inch from the
center. The results of these tests are presemted in Figure 29.

The effect of specimen location, according to Figure 29 is neg-
ligible, and well within the range of scattering. This applies partic-
ularly to longitudinal specimens, but a very slight superiority of the
rin over the core appears to exist in the transverse direction.

3. Dependence of Impact Strength on Tempering Temperature:

Impact tests were performed on three steels, 4340,98B4LO, and V-Mod
4330 over an extended range of tempering temperatures. The impact-
strength values of all these steels, and all testing temperatures ex-
hibited, according to Figures 29 to 31, minima when tempered at a tenmper-
ature somewhere between 500 and 700°F. This effect is more pronounced
in the (higher) longitudinal rather than in the transverse values.

The tendence of high-strength steels tn exhibit low impact
strength on tempering at temperatures between 500° and T7OO°F has been
observed in previous investigations (5) and it is now commonly referred
tc as the "SO0PF temper brittleness"”. However, for the steels investi-
gated here, the minimum actually occurs at about 600°F rather than at 500°F.

WADC TR 55-103 17

e e ¢ e e e —————
i
14

R TG SN | N IO L AP




e AR et
B (TR T~ SNt oc et

N e
G O sant g,
: by e

23R

P

Tho fatigue tests performed in the coursé of this investigation
related to unnotched specimens K = 1 and to specimens provided with
60-degree, 50-percent notches, having a root radius which led to a stiress
concentration of K= 8, In addition, stress concentrations of K = 5 and
K = 3 were studied in several instances. Test data were obtained for
cycles ranging from a few thousands to over 10 milliom.

Furthermore, in Phase II of this project, an exploratory utudy of
the sffects of hydrogen on fatigue-strength properties of 4340 steel was
undertaken. This work is discussed in & separate report (7). Part of
the work on hydrogen embrittlement is particularly valuable for the follow-
ing discussion. It conceris the basic data for unembrittled materisl
and differs from the uin body 6f data obtained in Phase I of the program
in two respects, namely: (a) Ii was obtained on spesimens taken from
mmall-dianeter rod (9/16 in. dia. )» rather than from a 4-1/4-inch-dismeter
section, and (b) it covered the range of small mmbers of cycles*, he-
tween about 10 and 10,000. The results of such tests comprise a valn-
able extension of tho test data, obtained on Phase I of the program, as

1t adds to the program the two varisbles; as-processed nction eoise and

nusber of cycles. ¥

The cotibined test data for apocinau, taken from both the heavy
and light sections, are prasented schematically in Pigure 43 and they
permit evaluating the dependence of fatigue and notoh-fatigue strength
upon the number of cycles. The values of the fatigue strength for very
high ausibers of cycles, i.e., of the endurance limit, will be discussed
further below. The values of fatigne strength for someéewhat lowsr numbers
of cycles, i.e. 100,000, dopond on all variablos to nearly the same extent
a8 the endurance limit.

However, as the mmber of cycles decreases below 10,000 the depen-~

dence of fatigue strength on various factors materially changes. It is

% Tn order to obtain such information, the speed of revolution of the
fatigue testing equipment had to be greatly reduced, to 250 cycles per
minute,

#%* The fact that the small seciion comprised a different heat should
not invalidate the effects of the other factors, as the fatigue stirength
of 4340 asteel has heen found to be rather consistent.
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then to be expected that the fatigue strength would gradually approach
the static strength under the particular condition of loading. In the
present cape, the fatigue tests were performed by (rutating) bending. b,

The bending strength, boih of smooth and notched specimens of the &
various strength leévels of 4340, generally comprises a nominal stress de-
rived from elasticity calculations. The actual stress, at the surface

. of a bent specimen, becomes increasingly smaller than the nominal stress, i
as the specimen is progressively strained beyond its elastic limit, or
for practical considerations, beyond its yield strength. In other words,
the ratio of nominal to actual surface stress, or "bend factor™, grad-
ually increases in plastic bending from a minimum value of unity at the
yield point, to & considerably higher value. Calculations for a cylin-
drical specimen have shown thet a maximum value of about 1.7 should be

?pgﬁoached by this ratio for straing exceeding approximately 5 percent, i
1 : , 4 . ‘ ‘ B}

Consequently, the (nominal) ‘bending strength of a steel should
exceed. its tensile strength by T0 percent or more, as long as the steel
is reasonably ductile. However, if the steel possessed a rather limited
ductility, i.e. ¥ it failed at a low value of gtrain, its bending

. strength may be anywhere between its tensile strength and a maximum value
of 1.7 times the tensile strength.

The static bending strength, of solid cylindrical sections of these
steels, is of little significance and is not definitely known because of
the large deflections encountered in such tests. Hovever, calculations
and test data on hollow sections lead to a ratio of ”bending modulus of
rupture to tensile strength (bend factor) in the vicinity of about 1.6
for L3LkO steel, heat treated to a strength of either 180,000 or 260, ooo
. psi (19). § ‘)

N
In‘dynamicf(fatigue)}bending tests, the strength of the steels is
- found to be greatly reduced at high numbers of cycles. However, the
-fatigue strength rapidly increases as the numbers of cycles decreases;
and for cycles of about 1,000 bending-fatigue-strength values consider- H
ably above the tensile strength have veen repeatedly observed (20). K

This can be taken as a confirmation of the above discussed con- ;
cept, that for very small cycles the bending fatigue strength of ductile
steels should approach a value equal to 1.6 to 1.7 times the tenaile
strength.

5

R
b3
41
:
£
4
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In regard to the bending strength of notched specimens, such as
used here, the fact must be considered that their ductility may be either
high or low. In the case of high ductility the static notch strength in
tension has been found to be about 1.5 times the tensile strength, and

AR
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their bending strength, therefore, should bs of the order of 1.5 x 1.6 =
2.4 their tensile strength. In the case of less ductile notched speci-
mens, however, the notch-strength ratio may be considerably lower than
1.5, and the bend factor may be anywhere between 1.6 (1.7) and 1.0, This
means that their fatigue strength, at very low number of cycles, may be
expected to be somewhere below the maximum value of 2.4 times the ten-
sile strength and that it may be considerably less than the tensile
strength, if the notch ductility of the particular ateel and particular

_ specimen shape (stress concentration) were very small.

.A.

d Notched Specimens:

_ The test data obtained for smooth and notched 4340 steel specimens
conform well with the above developed concept as shown in Figures 44,

45, and 46. In the case of smooth specimens, valués for very low cycles

are available for iwo strength levels, 290,000 psi and 210,000 psi
(Pigures 44 snd 46). In both instances, the fatigue strength in bending
was found to be nearly equal to the tensile strength at 1,000 cycles and

to be approximatsly 30 percent higher at 100 cycles. The fatigue (S-N)
curves, for smooth specimens, extrapolate smoothly 1o 1 cycle and to a
value of 1.6 (to 1.7) times the tensile strength, define the static bending

strength, as schematically illustrated in Figure 43.

The fatigue curves for notched specimens terminasted at values of
endurance limit, which, for high stress concentrations, are considerably
below those of zmooth specimens for a motch-ductile material (in tensile
tests), such as the 210,000 psi level, see Figure 46. On the other hand,
the static strength of this heat treatment was nearly 40 percent higher
for the notched than for the smooth specimen (for the notch geometry used
here). Its bend factor mey be estimated to be as high as 1.5. The test
data are again in conformance with this concept. The notch-fatigue
strength was equal to the tensile strangth st about 500 cycles, and 40
percent higher at 100 cycles. Between these cycles, therefore, the
fatigue curves for amooth and notched specimens of the 210,000 psi level of
4340 steel intersect. The notch-fatigue S-<N curve also extrapolates
well to a value of about 1.5 times the notch strength or about 1.4 x
1.5 = 2.1 times the tensile strength, as schematically shown in Figure 43.

In contrast, the fatigue strength of notched specimens of the
290,000 psi level remained throughout below that for the smooth specimens,
see Mgure 44. This is ¢xplained by the very low ductility of such
notched specimens. Because of this, the notch strength was also found
to be alightly higher than the tensile strength, approximately 1.1 times.
The static bending strength should be only slightly higher than the ten-
sile strength; say 1.l times, Therefore, the static strength of notched
specimens may be estimated to be about 1.1 x 1.1 = 1.2 times the tensile
strength. The test data again agree with this concept. The notch-
fatigue strength of the 290,000 psi level was found to be below the tensile
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strength at cycles as low as 100. The S5-N curve extrapolates to a value
slightly higher than the tensile gtrength which is considerably lower than
the assumed static bending strength (of smooth specimens), ag illustrated
in Figure 43. It is even amaller than some of the experimental vslues of
smooth fatigue strength at low cycles.

5. Effects of Btress Concentration:

With a number of steels, fatigue tests were performed on speciméens
provided with a 60-degree, 50-percent notch and a sharp notch radius re-
sulting in stress concentration K = 8. 1In addition tests were performed
on 4340 (Heat No. 1) covering a more extended stress concentration range,
namely K = 3, 5 and 8, the results of which are presented in Figure 47.
Previous teste on high-strength steels relate generally to milder notches,
(2). These revealed that the ratio of the endurance linmite of smooth to
notched specimens was generally equal to the stress concentration for
mild notches, but became léss than this as the stress concentration ex-
ceeded a certain limit. This notch-sensitivity effect depends upon the
strength level of the steel. In general, the notch-fatigue strength of
very strong steels was found to be lower than that of slightly lower
strength level. These latter, therefore, showed a great reduction in en~
durance limit by sharp notching, and in this respect, a greater notch
sensitivity than the highest strength levels.

The tests on 4340 (Heat No. 1) disclosed according to Figure 47,
that the endurance limit of notched specimens -aried within 30 and 50
percent of that of smooth specimens.

At all strength levels investigated, the values for K = 5 were
found to be distinctly higher than either for K = 3 or for K = 8. as
shown in Figure 48, while it was expected that they would decrease with
increasing stress concentration. This discrepancy may be tentatively
explained by the fact that the specimens for X = 3 were finished by
grinding, while those for the other stress concentrations were finish-
machined with a high-speed steel tool. This machining operstiocn may be
associated with burnishing whicii generally introduces compressive sur-
face stressec and raises the fatigue strength. In contrast, grinding
may have eliminated the protective compressive heat treating stresses
and replaced them by tensile stresses. The endurance limits for K = 5
appear particularly high in that the notch effect for this stress con-
centretion is found to be particularly small in relation to the value
of. stress concentration. This is in distinct contrast to the result
of tests on softer steels reported by Peterson and Wahl (1936), and
Moore and Jordan (1936) (16).
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6. General Relations Between Tensile Strength and Endurance Limit:

According to previous concepts; the endurance limit of heat-treated
steels increases first, nearly proportionally, with increasing strength
(or hardness) until it reaches a maximum, at a strength of 200,000 psi
or higher, and then decreases graduslly with further increase in gtrength
(2). A few tests on 4340 steel, heat treated to strength values up to
280,000 psi (22) and older evidence on some other alloy steels (2), how-
ever, have indicated that in the high-strength range of these steels the
endurance limit continues to increase with strength.

The values of endurance limit for smooth specimens determined in
this investigation and assembled in Figure 49 usually followed a some-
vhat different trend for most of the alloys invéstigated. At a strength
of 210,000 psi the endurance lim!it was génerally found to be between
85,000 and 100,000 psi or 40 to 50 percent of the tensile strength. It
then appeared to decrease slightly with increasing strength level and to
develop a minimum for strength values, between 220,000 and 240,000 psi,
for the O.h-percent<carbon alloys, and at slightly lower stréngth levels
for the 0,3-percent-carbon steel. At still higher strengths a notice-
able increase in endurance limit, and sometiies even the endurance ratio
(ratio of endurance strength to tensile strength) was cbservied for the
0.4 percent carbon steels;, while the 0.3 carbon steel passed through a
maximum at a strergth of about 240,000 psi, and then appeared to decrease
with further increase in strength. ‘

The endurance limit of notched specimens, of all steels investi~
gated, increased with increasing strength, as shown in Figure 50. The
endurance ratio varied for the sharpest notch, K = 8, between 0.15 and
0.25.  As far as the rather limited accuracy of such values permit, they
usually exhibited minimum values at an intermediate strength level, some-
where between 220,000 and 250,000 psi.

The ratio of the endurance limits of smooth and notched specimens
wag for .all steels higher at the lowest strength, 210,000 psi, than at
the higher strength levels investigsted, Figure 51.

7. Effects of Ag-Processed Section Size on Fatigue-Strength Character-
igtics; C s ‘

‘Bystematic tests on the fatigue properties of specimens taken from
different sections of the same steel were not performed. Thus the tests
on Phase I of the program throughout relate to specimens taken from 3 to

4-1/2 inch round or square sections. However, additional low-cycle fatigue

tests were made during the study of hydrogen embrittlement (7) on speci-
mens machined from 9/16-inch-diameter, 4340-steel bar stock, as already
discussed, and these connect with, or slightly overlap, those on the
heavier section, regarding the number of cycles investigated.
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study.

As illustrated in Figures Uk to 46, the data obtained for the
smaller gection generelly appeer to be slightly lower than those for the
larger section. This difference was nearly nil at a strength of 210,000
pei (8ooCF temper ) but noticeably increased with increasing strength level,
rarticularly for notched specimens. This result may possibly be correlated
with the observed low transverse strength of the smaller section. An addi~
tional factor may be the relatively low carbon content (0 38) of the
am.ller section.

8. Transverse Fatigge—Stren;‘th Pfo‘pert.tes:

. The endurance limit in the tra.nsverse direction was: determined for
various strength levels of 43l0 steel (Heat No. 1). As is apparent from
FPigure 47 (also see Figures 38 and 39), it is about 7O to 75 percent of
the longitudinal endurance 1imit, for all three strength levels investiga-
ted. This difference is also mafntained at lower cycles, down to about
100,000 eycles. However, st still lower cycles thée transverse fatigue
strength graduslly approaches. the 1ongitudinal Tatigue strength. This con-
forms to the fact that the tensile strength is pra.ctica.lly the same in
both directions.

Tests on notched transverae specimens were not performed in this

-
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V. COMPARISON OF THE VARIOUS ALIOY STEELS

1. Introduction.

In Section V specific. proper‘hies of the various steels are compered
with each other, using as a base or as bases the properties of 4340 steel
(Heat No. 1).

In order to facilitate such a comparison, usually each of the
large number of mechanical chare.ctéristics is plotted for all steels vs.
the tempering tempera.ture in three graphs , two of these refer to one
such quantity for the steels containing O.h-percent-earbon and the third
‘jgraph rela es to thz 0 3-percent-carbon ateeln‘

In a.ddition, notch-strength mluen of the various alloys are repre=~
sented as function of the stress concentration. Again, three sets of
graphs are used, each set ol curves represénting values of notch strength
of several steels obtained under g particular testing condition (section=
size and orientation), and at a constant strength level. This permits

- evaluation of this most significant design criterion at the wvarious inves~
tigated strength levels, namely 210,000 + 10,000, 230,000 + 10,000,
250,000 + 10,000 and 270,000 # 10,000.

2. Composition end Hardenahtlity:

The compositions of the pteels studied have been already presented
in Table II. It 18 observed that all heats of 4340 steel have rather
closely the same composition except for the silicom content of heat FNo. 2
vwhich is apprecisbly lower than the silicon contents of the other heats.
This may account for the low hardenability exhibited by heat No. 2 of o
4340, see Figure 12. It has been discussed sbove in detail that the prop-
erties of all four heats of 4340, available in the form of 3-1/k to h—l/ﬁ-
inch-diaméter sections, differed only slightly. Of thege, Heat Fo. 1 was
investigated more extensively than the other heats. Its properties have
been used, therefore, as basis for further comparison; as they should be
representative throughout for this steel.

In genersl, the steels investigated fall into two groups with re-
gard to carbon content. These are the O.l-percent-carbon group, which
includes 4340, 98BLO, Super Hy-Tuf, Super TM-2 and Inco steels, and the
. 0.3-percent-carbon group which includes V-Mod. 4330 and Hy-Tuf. Usually,
the O.4-percent-carbon steels exhibit a higher hardenability than the

0.3-percent-carbon steels, as shown in Figure 52. In the O.h-percent~
carben group, Super Hy-Tuf, Super ™-2 and Inco exhibited maximum har-
denability, showing full hardening over the length of the Jominy-test bar.
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They are approached by 4340, while 98BLO possesmed distinctly lower har-
densbility. The two steels in the O.3-percent-carbon group haed approxi-
mately the same hardenability. 'The hardenability curve for Hy-Tuf devel.-
oped a minimum at about 1—1/2 tc 2 inches from the quenched end. This
trend is also exhibited by the curve for 98Bh0 to a 1esser degree.

3. Hardness and Tgns11evStrepgthx

- The hardness (Figure 53) and tensile strength (Figure 54) of the
different steels are plotted. as a‘function of the tempering temperature.

Each of the steels investigated shows & response t¢ tenpering

'which is charanteristic and different from that for any other steel. In

geperal; & témpering temperature of 400%F is considered the low commer-
cial 1imit. In this treatment the hardness and strength are primarily

, dependent on the carbon conitent and on the tendency of the steel to we-

tain austenite (4). This explains the variations at hOOOF apparent,
from Figures 53, and 5&

The decrease 1n hardness and tensile strength with increasing
tempering temperature was very different for the different bsteels,
98BLO responded fastest, rather closely followed by 4340. V-Mod 4330
and Super TM-2 were. found to be more sluggish, in this respect,-while Inco
Hy-Tuf; and particularly Super Hy-Tuf showed & considersble loss in hard-

ness. and strength only if the tempering tempersture exceeded 700°F

. This %8 explained by the secondary hardening introduced by the -

various alloying elements, and particul larly silicon. This sluggishness

is of some practical importance, as it is desirsble to obtain a high
strength level by tempering at a maximum temperature, in order to impart
to the steel improved stability at slightly eleévated temperatures.

7SuperAHyaTuf~exhibited a phenomenon not encountered in other alloys,

namely a low transverse tensile strength over the whole investigated
range of tempering temperatures, This may be correlated with the fact
that this alloy generally had low transverse properties in all respects.
Yowever, Hy-Tuf also showed this directional effect on the tensile
strength and this cannot be explained by or correlated with other obser-
vations.

L, Yield Strength:

A The 0.2-percent yield strength of the alloys studied is shown in
Figure 55 as a function of tempering temperature.

It is a general phenomencn that the yleld strength of any heat-
treated steel exhibits a maximum on tempering at a temperature between
500° and TOOCF, depending upon the composition (4). The steels investi-
gated here conformed to this pattern.

WADC TR 55-103 27

e e e e . . : . e e+ g o o i g ——Tye< < EATTOTAT © W -

f
e S




i}
|
The absolute maximum value of yield strength was found to be high- &
est (250,000 psi) for Super Hy-Tuf (but only in the longitudinel direc- ]
tion) and slightly lower and ebout equal (230,000 psi) for all other

0.h~percent-carbon steels, while it was considerably lower for the 0.3-

percent-carbon steels. In this group, Hy-Tuf was slightly superior

(210,000 psi) to V-Mod. 4330 (195,000 psi).

Buper Hy-Tuf again exhibited materially lower yield strength in .

the transverse than in the longitudinal direction.
5. Ductilitx o -

The elongation and reduction of the ares of the steels are plotted
in Figureo 56, 57 and 58 vs. tempering temperature.

For any of the alloys investigated both elongation and reduction
of area were found to vary only within rather narrow limits for the range -
of tempering temperature investigated. A general slight tend.ency to in- s
creage with increasing tempering temperature after passing through a '
nininem)e.t 600° to TOOCF has been cbserved, ; in agreement with previous |
dsta (4 ,

lowest longitudinal values of bo*h elongation and reduction of ‘
area vwere encountered in Super Hy-Tuf and 98B40O, while the other O.l- 3
percent-carbon steels exhiblted an elongation equal to, but a reduction a
ef ares diatinctly inferior to that of 4340. In contrast, the 0.3-percent-
carbon steels had both a higher eiongation and a higher reduction of area
than 4340, -

|

{

|
Regarding the transverse values of these quantities, it is believed b
that any characteristic differencé between the alloys may be overshadowed
by the rather large effect of processing conditions, discussed in section
II. However, attention should be called to the particularly low values
encountered in Super Hy-Tuf, and poesibly (but hidden by scattering) in b
98840, while Hy-Tuf was found to be superior in this respect to all other )
steels.

On the whole , elongation and reduction of area were thus higher,
the lower the (hOO ) strength and hardness of the steel.

6. Notch-Strength Ratio:

The results of notch-tensile tests are summarized in Figures 59
to 69 for the different steels. Each figure.relates to one strength level.

The ratio of notch-strength to tensile strength; or "notch-strength ratio" r}
is used here as an index of notch sensitivity. Attention may be called N
to the fact that a notch-strength ratio of 1.5 indicates notch ingensitiv-

ity of the steel condition for the particular test geometry (section size, :
stress concentration, and orientation.) . (
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Figure 59 to 69 indicate, in general, that the differences between the
longitudinal notch strength of the investigated steel increase, as their
strength level increases. In addition, much greater differences have
been cobserved, in the O.5-inch-diameter specimens, than in the 0.3~inch-
diameter specimens. This is also true for the transverse notch strengtn.
less attention is paid in this discussion to the transverse than to the
longitudinal values, because of possible interference of the processing
conditions. Thus the smaller test specimen appears rather insensitive
and not well suited for the desired quality comparison, which is based,
therefore, primarily on the longitudinal notch strength of the 0.5-inch-
diameter specimens. Thia quantity is always shown in Figures 59 to 69 in
the upper right corner of each graph.

While at any particular strength level data for all seven steels

are not available, the results of ‘the tests for a strength of 250,000 psi

on four steels Figures 64 to 66, and for a strength of 270,000 psi on

- 8ix steels, Figures 67 to 69, lead to the following rating of the steels.

V-Mod. 4330 exhibited the highest notch strength (ratio) or lowest notch

sensitivity, followed rather closely first by 4340 and then by doth Super

-2 and Inco. The other three ateels were considerably inferior to
these four steels and 98B4O was slightly superior to both Buper Hy~Tuf
and Hy-Tuf, wherever a comparison was possible.

Attention may be called 1o the fact that such a comparison of
0.3-inch-diameter specimens shows a notch-strength ratio for Hy-Tuf, at
all strength levels, equal to that of V-Mod. 4330 and, on the average,
slightly higher than that of 434%0.

Furthermore, regarding transverse notch strength, {ratic) Hy-Tuf
usually exhibited highest values while V-Mod. 4330 rated below 4340, by

tiis test. This was particularly true for O.3-inch-diameter specimens.

The relative quality of the two steels, V-Mod.4330 and 4340, also
varied with the strength level. Maximum superiority of V-Mod. 4330 over
14340 was observed at 230,000 psi while both steels differed only slightly

at either 210,000 psi or 270,000 psi.

7. Impact Streggphx

The results of the "Charpy" impact tests performed on the various
alloys in the longitudinal direction are summarized in Figures TO and 20
ug & function of the tempering temperature and for each of the various
test temperatures used.

The results clearly reveal that for all test temperatures V-Mod.
4330 possessed; over the range of tempering temperatures investigated,
an impact strength higher than that exhibited by either 4340 or 98B4C,
and that the impact strength of L4340 was inxermediate between V-Mod.
4330 and 98BLO.
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Although impact tests on Hy~Tuf, Super Hy-Tuf, Super TM-2 and Inco
were performed for one strength level only, Figures 70 and 20 indicate
that Hy-Tuf then possessed the highest and Super Hy-Tuf the lowest impact
strength smong all the steels investigated. Inco ranged, regarding its
impact strength, slightly above V-Mod. 4330, and Super TM-2 ranged, in
general, between V-Mod. 4330 and 4340.

In the transverse direction, a comparison between the impact
strength of the various alloys is not possible due to the large scatter-
ing of the test data. However, the two steels, namely Hy-Tuf and Inco,
that exhibited the highest impact strength in the longitudinal direction
also appeared to have the highest impact strength in the transverse direc-
tion. The transverse impact strength of all the otlier steels and at all
testing temperatures was found to differ only to an extent that did not
exceed the scattering of the tests. A curve drawn through the average of
8ll these pointsffollowed the pame genersal trend ss the curves for lon-
gitudinal specimens, Figures 72 and 7T3.

Regarding the effect of testing temperatures all steels showed,
st all tempering temperatures, a gradual decrease in impact strength as
the testing temperature was reduced. Within the sccuracy of the test
data the steels behaved nearly equally in regard to such a transition to
a low-impact-energy condition.

8. Fatigue Strength:

The rotating-beam fatigue deta for the various steels tested are
summarized in Figure T4 for both smooth and sharply notched (K = 8)
specimens as a function of tempering temperature.

The results indicate that in the absence of stress concentrations,

L340 steel possesses fatigue properties superior to those for 98BLO and

V-Mod. 4330 steels in the tempering range from 5C0° to 800CF. At temper-
ing temperatures below 500°F, however, the tests resulted in higher fatigue
properties for 98BH0O than for 4340 and V-Mod. 4330. V-Mod. %4330 possessed
the poorest smooth-fatigue properties of all steels investigated. This is
true for all tempering temperatures used except in the range between 600°
and 750°F where 98BUO developed a sharp minimum.

The notch-fatigue strength of V-Mod. 4330 is superior to that of
4340 and 98BLO throughout the range of tempering temperatures investi-
gated. The notch-fatigue strength of 98BLO was equal to or slightly
lower than that of 4340 when +empered at between 500° and 70O0OF, but
slightly higher when tempered at either LOOCF or 800°F.

From the limited dsta that were obtained on Hy-Tuf it appears that
its smooth-fetigue strength is about the seme as that for V-Mod. 4330
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while its notch-fatigue strength is slightly lower than that for V-Mod.
4330 when tempered at 500°F, It is also seen that the smooth-fatigue
strength of Super Hy-Tuf was approximately equal to that of 4340 while
theagggch-faxigue strength was higher than that of 4340 when tempered
at ¥,

The resulis of these tests indicate a very complex dependence of

the fatigue strength of super high strength steels on the heat-treating

conditions. This is further emphasized by the recently-disclosed fact
that minor changes in tempering, such as repetition -of the tempering
treatment ("double tempering") may matérially improve the fatigue
strength (23). ‘ : o
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VI. GENERAL SUMMARY OF RESULTS

l. Introduciion:

In Bection VI the fundamental effects of the various factors,
varied in this study, are summarized. These effects are considered with
regard to the varilous mechanical properties investigated, namely the
tensile, notch-tensile, impact and fatigue properties.

In edditicn, an attempt is made to correlate the results of the
notch-tension and the V-notch Charpy tests.

2. Efrects of Pbsitioning of Specimens on Rotch-Tenaion, Impact and
Fatigpe Properties‘

The effects of specimen position on the mechanical properties
were evaluated from notch-tension, V-notch Charpy impact and smooth-and-
notch fatigue tests, particularly for V-Mod. 4330 steel. The transverse
notch strength of the other steels was also considered in this respect.

The position of the specimen in the large sections investigated
had a slight effect only on the transverse notch-strength, which in-
creased ag the specimen location moved from the center to the rim of
the section. The magnitude of this effect was less than 10 percent for
V-Mod. 4330. With the other steels comparable data were available only
for a limited range of positions. While a small effect, as discussed
above, was apparent, it was well within the scattering range of the test.

The effect of specimen position on impact and fatigue properties

© was also within the scattering range of the tests.

3. Variations of Tension, Notch-Tension, and Impact Properties in
Different Heats:

Several different heats of L4340 steel, which differed considerably
in hardenability, were subjected to tension, notch-tension and V-notch
Charpy impact tests.

In regard to tensile and yield strength of longitudinal and trans-
verge specimens as well as ductility in the longitudinal direction, the
various heats were found to be practically identical.

Reduction of area (and elongation) in the transverse direction,
as well as notch strength and impact strength in both the longitudinal
and transverse directions, were on the whole highest for heat No. LI fol-
lowed by heat No. 1, while heats Nos. 2 and 3 usually exhibited lownr
values.
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There is no correlation apparent between these properties and hard-
ensbility, as heat No. 1 possessed higheet hardenability, c¢losely follev=
ed by heats Nos, 3 and 4, while heat No. 2 possessed the lowest hardena-
bility.
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4, Effects of As-Procesped Section Eize on Tensionlgﬂotch-Tension, and
Fatigge Prqperties*

The effects of as-processed section size are disclosed by s com-
parison of certain properties of sgpecimens taken from a number of large
(3-1/4 to k-1/k inch-diameter) k34O-steel sections and one small section
of the same heat asp orie of the large sections, and one additional small
4340 section.
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Their tension-test characteristics in the longitudinal direction
were identical. An exception was the higher tensile strength of one of
the small sections on tempering at L4OOCF.

The longitudinal notch strength of the small,aecﬁiens,was, in al)
instances, slightly but distinctly higher than that of the large sections

| The transverse notch strength and the transverse ductility in ten-
sion of the l-l/2-inch-diameter gection was 20 to 30 percent lower than
the averages of the respective values for the large sectionsi.

b Regarding fatigue strength, the test results are not strictly
] comparable as. different sections from the same heat were riot investigated
and as the testing conditions for the two section sizes investigated also
: differed slightly. In general, the mmaller section appeared to be equal
to the large section at a strength level of 210,000, but slightly infer-
ior at higher strength levels.

5. Effects of As-Tegted Section Size on Notch-Tensile Strength:

The niotch-tension data obtained in the testing of notched 0.3 and
0.5-inch-diameter specimens indicated that increasing the as-tested sec-
tion size generally results in considerably lowering the notch strength.
This effect varied greatly with the steel composition.

j‘ The results also revealed that the notch-strength of 0.3-inch-
diameter test bars differed less for different steels, and other variables
than that of somewhat larger test sections.

6. General Effects of Tempering Temperature on Tenslle, Notch-Tensile,
and Imggct Properties:

The tensile strength of heat-treated steels, such as the investi-
gated aircraft steels, generally decreases with increasing tempering

SRS s B
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temperature. For the investigated 0.3 percent carbon steels, the strength

decreased from values of 250,000 to 270,000 psi on tempering at 4O0°F to

values close to 200,000 psi on tempering at 800CF. For the 0.4 percent-
carbon steels the strength was between 270,000 and 300,000 psi on the tem-
pering at 4OOCF and approximately 200,000 psi on tempering at 800CF.

In contrast, the notch strength generally increases at first with
inereasing tempering temperature, passes through a maximum (or sometimes
through two maxima) end finally decreases in proportion to the tensile
strength. The notch strength of a steel after tempering at UOOCF was
equal to or slightly higher than the tensile strength. With increasing
tempering temperatures up to BOOCF the notch strength approached a valie
cloge bto 1.5 times the tensile strength.

- The impact strength of the three steels investigated (4340, 98BLO
and V-Mod. 4330) first increased on tempering in the range between 300°
to. 400°F, developed a minimum between 500° and 700°F and then increased on
tempering above 800°F.

7. Effects of Strength Level on Endurance Iimit:

The rotating beam fatigue tests performed on smooth and notched
specimens machined from a number of ailoys revealed that for a strength
level of about 200,000 psi the endurance limit of smooth specimens was
between 85,000 and 100,000 psi or 4O to 50 percent of the tenaile strength
depending upon the steel composition. It then sppeared to develop a min-
imum for strength values between 220,000 and 240,000 psi for the O.k-
percent-carbon alloys, and at slightly lower strength levels for the 0.3-
percent-carbon steel. At still higher strengths a noticeable increase in
eadurance limit was observed for the O.4-percent-carbon steels, while the
0.3-percent-carbon steel passed through s maximum at a strength of about

240,000 psi and then appeared to decrease with further increase in

strength.

The endurance limit of notched specimens, of all steels investi-
gated, increased, in general, with increase in strength level.

8. grﬂecta of Btregs Concentration on Notch-Tensile and Notch-Fatigue
Strength: ' '
- Thegnotch-tension,tests.onAall steels, confirmed the general re-

lation that the strength of notched high-strength-steel specimens de-
creases a8 the stress concentration increases.

The magnitude of the stress-concentration effect depended upon
the notch sensitivity which greatly varied, in this Investigstion, de-
pending on cther veriahleg. If the steel was nearly notch-insensitive,

it yielded a notch-strength ratio close to 1.5 for sll stress concen-
trations (K = 3, 5 and 10), the effect of which, therefore, was nearly
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nil. In contrast, for highly-notch-sensitive conditions the notch-~
strength ratio was already low for K = 3 and it further decreased con-
siderably with increasing stress concentration.

This effect was less pronounced in the transverse than in the
longitudinal direction.

The results &lso indicated chat all values of longitudinsl notch-~
strength ratio when plotted against the stress concentration belong to
one single family of curves, and that all values of iransverse notch-
strength ratio also belong to a diffsrent family :ereapective of the
specimen section size.

Regarding the dependence of endurance limit on stress concentra-
tion, 1t was found that for K = 3 and K = 8 the endurance limit of sev-
eral strength levals of 4340 steel was approximately the same while it was
higher for K = 5. This trend was contrary to the expected decrease in
endurance limit with increase in stress concentration. This may
tentatively be explained by differences in the processing of the various
notches (grinding for K = 3 and machining for K= 5 and 8).

9. ects of Eccentricity on Notch- the

Eccentric tests were performed on longitudinal 4340 specimens
provided with notches leading to stress-concentration factors of 3, 5
and 10. These tests showed, for all strength levels, a nearly equal
decrease in notch strength, about 60 + 5 percent, from the value of
concentrically-loaded specimens.

In addition under concentric loading, the noich-sensitivity of
longitudinal specimens appears to fads out as the stress-concentration
factor decreases below a value of 3. In contrast, on eccentric loading,
even at values of K = 3 or lower, a pronounced notch sensitivity is still
retained. This is principally due to high bending streases imposed by the
eccentricity.

10. ation Betyee ct Strengt d Notch H

The (longitudinal) impact strength of the three completely-in-
vestigated steels, namely 4340, V-Mod. 4330 and 98B4L0 conforms, regarding
their rating, in general, to that of the static notch strength in the lon-
gitudinal direction.

A superiority of Hy-Tuf over the other steels was also found to
exist in longitudinal notch-tension tests on Q.3-lnch~diameter specimens.
However, increasing the as-tested section size led to much greater loss
in notch-strength for this alloy than for either 4340 or for V-Mod. 4330.
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Hy-Tuf was also found to possess exceptionally low transverse notch

strength. For Super Hy-Tuf the impact tests ylelded the same rating as

the static notch test. The favorable position of Inco regarding its

impact strongth is not in agreement with the results of longitudinsl

notch~-tension test, where this steel exhibited practically the same as,

or lower strength than 4340. On the other hand, ite transverse notch-

strength was exceptionally high., The rating of Super TM-2 by the impact

test was also more favorable than by the longitudinal notch-tensile test, .
but conformed more closely to that by the transverse notch-tension test.

The tentative conclusion that mry be drawn from the above com- -
, parison is that the magnitude of the impact strength of & longitudinsal
| specimen is also affected by the transverse properties of the material.
Congiderably more factual information is required in order to definitely
confirm any such correlation. '
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TABLE I. INTORMATION PERTINENT T0 THE STEELS INVESTIGATED

 Alloy |

Producer

Producer's
Beat No.

Deﬂ‘gnation )

used in

laboratery -

Method of

Production ‘

Size and Shape

yiuauof

" Republic Steel

Corp.

"u-zsuo7x

1

Emro
H.‘R.A.

! 111- 1"..
- 18 in, rd,

a0

' Rotary Tlectric]

Stesl Co.

24870

E.T.
H;R .A_t

b in. ra.

I

: Rotury Blectric)

Steel Co.

38195

E.T.

H.R.A.

3% in. rd.

™

| Rotary Electric

"Steel Co.

25735

E . r‘.‘

. EEA. |

3% in, rd.

Tu330
-] V~HCD

| Republic Steel |

Corp. -

26047

E.F.

| B.Ra

4 in, sﬁ.

98B4O

United States
Steel Corp.

o

E.7.
H * R’o"A,o

b 4n. rd.

" Crucible Steel
~ Co. of America

E11079

B.F.
HOR.A.

3f i’n. :d,

suPER |
EY-2UF

Crucible Steel

Co..of America |

6-0096

E.T.
‘H.R.A.

3 in. rd.

TH-2

- Tinken Roller
- Baaring Co.

AC-14480

E.¥.
H.B.‘o’

3 in. ed.

| w00

Bethlehen -Steﬂ :

182007

k.7

b3 in. eq.

lo rI

H.R.L.

Company

~ Electric Jurnace Stesl

- Hot Rolled, Annealed
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CONPOSITIONS OF THE VARIOUS ALLOYS INVESTIGATED

‘LLOI

FIR CENT OF ALLOYING ELEKENTS

@ | ®

81

2

Cr

Mo

)

| .rm %o 1|

09“1;

0579 

0.013

:0’016

0.3

[ o7 |

0;“0{

0.7% |

0.023 |

30‘029::

‘ 0;77Q;

\Oth‘:

e

|Hest ¥o. 3 |

ozt 0,83

:G‘OI“A

' 0.30

[ 17

- 0.80

"OQz“ f

WMo
] Beat ¥o.

0#75'

0.011

0,014

o |

1.76

O,u

98B4O

079

0,017

0,017

0,35 |

0.86

' 0.61

f on19, 

SUPER
HY-1UF

. '°-“1‘

1.28

0,014

0.024

‘ 1,77 :

‘.1926

i 0.33 :

‘0,17 |

SUPER
“9-2

05“1-

0.72

:o.alz

0. ol“

0.61

2‘08‘

15t

'iodu;i

1%00

o

0. 74

1.5k

L83

0;83

- 0,38

Y-NOD.
330

0,32‘

0.88

| 0‘. 26

L.79 |

0. 84

10,355

BY-T0T

0. 285

1.29

oo 019

0.015

- 1.58

1.87

3 o.zu

0.40
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. ‘ : TABLE III. STRESS-CONCENTRATION FACTORS AND CORRESPONDING
5 ‘ NOTCH RADII FOR NOTCH-TERSILE AND NOTCH-FATIGUE SPECIMENS

- TYFR QF | STRESS~CONCENTRATION | NOTCH RADIUS |
- SPECIMEN 1

S | 1 3 o0z 1
A . : ‘ . 0.3 0.212 | . ] _ D;ODBS
NOTCH- | 3’ 10 " 0.0008

TAOIOR X r - IN.

§ | | rowsrzz | | 3 | ooms
' | o Josss 8 T o006
| ‘ | | 0.0 ]

"~ HOTCH
~ FATIGUE | 0.265 | 0.188

_0.007 . .
0..0007 ‘

mp\nu |

e
I

-

7

66°
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TABLT IV. POSITION OF VARIOUS SPECIMENS IN V-MOD. 4330
| STEEL BAR |

TYPE OF SPECINEN | APPROXIMATE LOCATION FROM CENTER - IN.

0.3 IN. DIA. | | | N |
Lo?mnumm | ° | 34 1-7/86k | 2—13/6&\

| Dhmormomai | 2% | 1owes| 1ds/er |

. 0.3 IN. DIA. , \ | I |
| TRavsvemsz R A B

0,5 IN. DIA. | | |

WADC TR 55-103 k2




»,
R S T S S S

— 1§ —of ' 3
”——— 1 — -~ D b 0 ~ |
N Ny - ‘ A — T ¥
. 0.030R — 0.300£ 0,001 — = N
: = %ﬁ . o.s00x0.000 — /7 \L—o0.353%0,001
t 1 3301-21
- ‘o.:28‘o;
(b) 0,28 IN,DIA, TENSILE

msmssxvnm 8 ori
-

E = :! (4) 0.5 IN. DIk, NOTCHE-TERSILE
| S/eo\v “L - '

0212 0001 —

P - A-i CONOBNTRIC m smss BUPTURE
! . “-}% ECCBNTRIC
T B (e¢) 0.3 IN, DIA, NOTCH-TENSILE
‘ l - 0,188%0, 001
P 0480 [T |
+0.001 EF—’D
| 27

8R (e) SMOOTH FATIGUE

A

U A
-1
les |
0.188
r +0,001  0.265
+0.001
;:3! . ; ‘ 1% o
1 (£) NOYCE-FATIGUR
%a T16, 1 TESY SPECIMENS USED IN TXIS INVESTIGATION,
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=2 PFIXTURE FOR CONCENTRIC LOADING

OF 0.3 IN, DIA TENSILE SPECIMKNS

FI1a.
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TO CONCENTRIC FIXTURR OF FIG, I-2
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T10, 5 ¥IXTURE FOR ECCEINTRIC TESRING
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